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Abstract 

Return-stroke current pulses can propagate at speeds approaching the speed of light c. 

Such a fast-moving pulse is expected to radiate differently than conventional RF emitters. In this 

report, we first reexamine the theoretical analysis for the high-speed effect on the radiation beam 

pattern. Instead of starting with an assumed channel geometry, or with a specific current 

propagating model, as has been done before by other investigators, we start the analysis with an 

arbitrarily moving current element. Through a simple differential transformation between the 

retarded time and stationary time/space, the (  factor can be readily obtained. This 

factor is found to be explicitly associated with radiation beam pattern. We then study FORTE 

very high frequency (VHF) observations of lightning discharges that were simultaneously 

detected by the National Lightning Detection Network (NLDN). For these coincident events, the 

viewing angle from the satellite to the discharges can be derived. During two summers (1998 and 

1999) of joint campaigns, 25721 coincidences were found.  Among these, 2092 were found to be 

very narrow (<100 ns), VHF-intense and highly polarized, and were found to be associated with 

the beginning of return strokes. Through careful statistical analysis regarding the distributions of 

the event occurrence, we found that the ensemble of all events can be considered to have an 

isotropic VHF pattern in the upper half space. However, the subset of the return stroke-initiating 

narrow pulses follows a beam pattern that agrees with a free-space traveling current model at a 

speed of 0.75c. We infer that the source for the narrow pulse is associated with the junction point 

of the attachment process, and the source height is estimated to be a few 10s of meters above the 

surface of the ground. The physical size of the corresponding discharge is estimated to be less 

than 22 m.  

1)/cos1 −− cv θ
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1. Introduction 

Lightning discharges produce radio frequency (RF) radiation over a wide range of the 

frequency spectrum, from Very Low Frequency (VLF) and below, to Very High Frequency 

(VHF) and above. At the lower end of the RF spectrum, lightning radiation is believed to be 

associated with a traveling electric current wave along a well-defined linear channel [Dennis and 

Pierce, 1964], and the radiation is apparently always polarized.  Models that relate the current 

intensity and movement to the remotely observed radiation field have been developed for return 

strokes, leader steps, and some general discharge processes, with the main attention focused on 

the return strokes [e.g., Uman and McLain, 1969, 1970; Uman et al., 1975; Le Vine and 

Meneghini, 1978a, b; Lin et al., 1980; Runinstein and Uman, 1990; Le Vine and Willett, 1992; 

Krider, 1992; Thottappillil et al., 1998].  The early works by Uman and colleagues regarding the 

return stroke showed that the measured radiation field is directly proportional to the propagating 

current along the channel if the return stroke is assumed to follow a transmission line (TL) model. 

Using a similar transmission line mode, Uman and McLain [1970] examined the radiation field 

produced by individual steps of a stepped leader. These early studies were limited to vertically 

oriented channels and suggested that the radiation field follows a classical dipole beam pattern.  

As rightly pointed out by Le Vine and Willett [1992], the previous analyses by Uman and 

colleagues were not complete, due to the incorrect treatment of the retarded time. Starting from a 

finite channel segment that sits in the upper space and aligns in an arbitrary direction, Le Vine 

and Willett [1992] found that the previous inferred dipole field pattern had to be corrected by a 

factor of ( , or a “F” factor, to accommodate the effect of non-constant retarded time 

along the channel segment.  A dipole pattern is correct only if the speed of the traveling current 

wave is very small compared to the speed of the light.  The analyses of Uman and McLain [1969, 

) 1/cos1 −− cv θ
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1970] and Uman et al. [1975] are valid only under special conditions of that the observer is on the 

ground and is very distant from the lightning channel, and that the channel under consideration is 

perfectly vertical, so that θ is constantly 90° along the channel.  

Thottappillil et al. [1998] reexamined the effects of the retarded time on the electric field 

by assuming an extending lightning channel instead of a pre-existent, fixed channel segment as in 

Le Vine and Willett [1992].  Similar radiation pattern in terms of the F factor was derived if the 

transmission line discharge model was used.  For another return stroke model, namely, the 

“traveling current source (TCS) model” [Heidler, 1986], Thottappillil et al. [1998] found a 

correction factor of ( for the radiation pattern.  This is not inconsistent with the F factor 

for the transmission line model, since the TCS model assumes the discharging current travels 

downward at the speed of light c from the upward-propagating return stroke wavefront.  

) 11 −+ θcos

In both the reports, the analyses started from the integrated contribution along a presumed 

channel length, with a fixed length by Le Vine and Willett [1992] and an extending length by 

Thottappillil et al. [1998].  With the fixed channel segment, the integration is stationary and the F 

factor arose from the interchange between the spatial and the temporal differentials of the current 

waveform, assuming a transmission line model and a variable retarded time along the channel.  

For an extending channel, in addition to the above consideration, the apparent channel length, 

along which the integration was carried out, was also considered dependent on the retarded time. 

The physics differences between the fixed and extending channel is that the former assumed that 

the current was injected into one end of the segment and was terminated or absorbed at the other 

end, while the latter assumed that the current initiated at the base of the channel and propagated 

forward without an apparent termination. This difference is the reason for the subtle discrepancy 

between equation 9a of Le Vine and Willett [1992] and equation 38 of Thottappillil et al. [1998].  
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However, if the fixed segment were very long as compared to the scale of the current waveform, 

solutions from the two reports would become identical. The length of a channel could be 

considered long if the radiation is due to a very short current pulse (or, equivalently, the radiation 

is at higher frequencies).   

It should be noted that in the field of radio frequency antenna research, a similar problem 

has been studied regarding the radiation property for a traveling current wave along a wire 

antenna (see a review by Smith [2000]).  The analytic result in the time-domain is exactly the 

same as that reported by Le Vine and Willett [1992], except that for the antenna v ≡ c, and the 

corresponding F factor becomes ( .  An antenna has a fixed length, the same as a fixed 

lightning channel segment as that assumed by Le Vine and Willett [1992].  

) 11 −− θcos

At the high end of the spectrum, i.e., at the VHF and beyond, the radiation is believed to 

be associated with lightning breakdown processes. At these frequencies, the radiation associated 

with the common lightning processes like dart and stepped leaders, K-type events, and return 

strokes is usually unpolarized, indicating that the discharge is an ensemble of randomly directed, 

incoherent breakdown processes, as reported by Shao and Jacobson [2002], based on the FORTE 

satellite observations.  Nevertheless, some temporally isolated, VHF-intense, in-cloud pulses 

[Shao and Jacobson, 2002], as well as a group of very narrow pulses that are associated with the 

initiation of return strokes [Jacobson and Shao, 2002] have been found to be highly linearly 

polarized.  The highly polarized radiation suggests that the radiating current was aligned along a 

unique, linear path.  If the same transmission line model can be used to simulate the discharge 

process that generates the polarized VHF radiation, one would expect to see the directional 

effects on the radiation intensity, as suggested by Le Vine and Willett [1992] and Thottappillil et 

al. [1998].  
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In the paper by Jacobson and Shao [2002], we reported FORTE satellite observations of 

very narrow (~100ns), return stroke initiating VHF pulses, and compared them with previous 

ground-based observations by other researchers. For a detailed review of the ground-based 

observations, see Jacobson and Shao [2002].  It has been found that a small fraction (~10%) of 

the FORTE-detected return strokes showed such a narrow pulse, and the corresponding strokes 

were about 4 times more likely to occur over the seawater than over the land.  Since these pulses 

were well polarized and occurred at the beginning of the return strokes, the corresponding 

discharge is expected to be along a well-defined channel and the channel is expected to be mostly 

vertical.  The vertical orientation is more likely the case when the return stroke occurs over 

geometrically flat and electrically uniform seawater. On the other hand, the polarized in-cloud 

VHF discharges obviously do not have a preferred orientation.  

Unlike any previous lightning RF observations, all of which had the sensors on or near the 

ground, the FORTE satellite provides the first opportunity to look at VHF radiation from above. 

FORTE is in a 70° inclination, 800-km circular orbit, and carries a suite of broadband VHF 

antennas and receivers. Detailed description of the satellite and its RF and optical payloads can be 

found in Jacobson et al. [1999].  For an individual event that is geolocated, FORTE probes the 

radiation from a calculable but random viewing angle.  If all the events are considered together as 

a special group, FORTE then views the group from many different possible angles in the upper 

half space.  This situation offers us a unique opportunity of looking into the directional effects of 

the radiation field due to the fast-traveling current wavefront. 

In this paper, we will first revisit the theoretical analysis of the radiation directivity due to 

a traveling current pulse. Instead of choosing a stationary coordinate frame for the lightning 

channel and examining the quasi-stationary geometric foreshortening of a finite channel length 

due to the retarded time, as has been done by previous researchers, we will start with an 
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infinitesimal moving current element and with a moving frame attached to it. As will be seen, the 

derivation is more concise and the physical meaning is clearer. We will then examine the FORTE 

VHF observations for the narrow return-stroke pulses, and will compare the results of the narrow 

pulses with that of the overall, “background” events. A discussion of the results will be presented.  

 

2. Theoretical Analysis

Figure 1 shows the problem under consideration, in which a current pulse propagates 

upward along a lightning channel and the radiation field is measured at point P(x, y, z) in the 

upper half space. The instantaneous vector potential due to the current element (idz′) is, in free 

space,  
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is the retarded time.  Here, dz′ is assumed moving along with the current pulse at speed v, rather 

than stationary in the observer’s coordinate frame; z′ is the instantaneous position of dz′; r is the 

distance from dz′ to the observer; and ẑ is the unit vector in the motion direction. The direction of 

ẑ is arbitrary and should not be limited to vertical.  

As indicated in Equation 2, the retarded time t′ is an implicit function of (x, y, z), in 

addition to being an explicit function of t, so that any differential operation on (x, y, z) in the 

stationary frame would need to operate on t′ too. This leads to  
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Rearranging the above equation, we have  
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The velocity in Equations 4 and 5 is the velocity at time t′.  The physical interpretation of 

Equation 5 is that the retarded time t′ is not isotropic in the observer’s coordinate frame.  

In Equation 3, and ∇r/Ad 1∝
v
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.  For the radiation field, this term
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vv  and rvHere, θ is the angle between , and φ is the azmiuthal angle around the channel. Fo

plane electromagnetic wave, which is justified for distant observations, we have  
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Equation 7 is a rather genera ent. No special boundary 

ondition, current model, or channel geometry has been assumed.  It shows that the observed 

radiatio
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n amplitude depends on the rate of current change at the source at time t′.  The 

corresponding radiation beam pattern exhibits the F factor ( ) 1/cos1 −− cv θ  in addition to the 

classical dipole factor of θsin . For v << c, the beam will approximate to a classical dip

pattern.  This rather general formula is particularly useful if ent pulse changes i

shape (e.g., current attenuating along typical lightning channels) as is propagates. It should 

noticed that in the case of a moving but unchanging current pulse, no far-field radiation will b

generated. It should also be noticed that the F factor always applies as along as the current 

element moves.  

The previous investigators [e.g., Thottappillil et al., 1998] started the radiation-field

evaluations with t

ole 

 a short curr ts 
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he conventional term of the time derivative of the current,  with the 

time de ed to 

 in 
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nt measure

rivative measured in the observer’s coordinates.  Notice that the current itself is referr

a value at an earlier time t′ so the above derivative would represent an appare  in the 

stationary coordinates, which is directionally dependent and can be different than the physical 

change rate of the current at t′.  It was due to this treatment of the current derivative that they 

came up with radiation formulas that did not explicitly have the F factor (Equations 7 and 8 in 

Thottappillil et al. [1998]).   It is not difficult to see that, based on the relation between t′ and t

Equation 2 and through a similar derivation as that in Equation 4, 1)/cos1(/ −−=∂′∂ cvtt θ , and

the F factor can be readily obtained.  
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In addition, if a perfect conducting ground is considered and if the discharge is vertical and right 

on the surface of the ground, we have  

 

under the condition of L′cosθ <λ/4. Her
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e, λ is the wavelength at which the radiation is observed.  

It is clear that at VLF-LF, the wavelength is comparable to or greater than the scale of a typical 

discharge, and Equation 10, which is derived ent imaginary current 

ource to the original, is valid at most of the times. Lightning radiation has been commonly 

 for a 

 

g a 

e infinity. Equation 10 agrees with the result 

1992] in which a perfect conducting ground was used.  

 on-ground 

discharge, only the upper half space is meaningful due to the plane, conducting ground. For 

by adding a time-independ

s

observed in the VLF-LF range, and a great deal of physical interpretation and understanding of 

lightning discharges is based on such observations. At VHF, the wavelength is in the range of 1-

10 meters; if the source is several meters above the ground, Equation 10 will be invalid.  In 

deriving Equation 10, a transmission line model was assumed. Without this assumption, and

general upward traveling current element, the term ),0( tvi ′ must be replaced by ttzi ′∂′′∂ /),( , as

that in Equation 7. 

Equations 8, 9 are in agreement with the results of Thottappillil et al. [1998] regardin

transmission line model.  They are also in agreement with Le Vine and Willett [1992] if the front 

end of their channel segment is stretched into positiv

reported by Krider [

Figure 2 shows the relative shapes of the radiation beam patterns for a dipole, a traveling 

current pulse, both in free space, and a traveling current whose base is on the surface of the 

ground.  The solid curves are for exactly vertical discharges, whereas the dashed curves are for 

discharges that may not be purely vertical, as will be discussed later. For the
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sources in free space (the former two cases), any observing angle is possible.  The current 

traveling speed v was assumed to be 0.75c for the corresponding models. At this speed, the 

differences among the three patterns are evident. Nevertheless, as v approaches to zero, all the 

patterns will become the same dipole pattern.  

 

3. FORTE/NLDN Joint Observations  

The FORTE satellite was launched into a 70° inclination, circular orbit at 800 km alt

on August 29,1997. FORTE carries a pair of linear polarization, log-periodic dipole array 

antennas (LPA) that have a primary frequency 

itude 

coverage between 30 and 90 MHz. The RF 

ayload includes a pair of independent broadband receivers that each has an analog bandwidth of 

rm of electric field E, is digitized at a rate of 50 mega 

sample

 

s over 

ay 

de to maximize the detection range for cloud-to-ground 

(CG) discharges and to include possible in-cloud (IC) discharges. For each detected event, NLDN 

p

22 MHz. Each receiver’s output, in the fo

s per second with a 12-bit resolution. For studies presented in this paper, the receivers (or 

at least one of the two) were tuned to the range 26-48 MHz.  An 8-channel subband trigger

system that was designed to overcome the typically overwhelming man-made carrier signal

the analog passband was used to trigger the FORTE data recording system. More detailed and 

complete descriptions of the FORTE RF payload and their performance have been presented in 

Jacobson et al., [1999] and Jacobson and Shao [2002].  More discussions on the trigger system 

are to be presented later in this paper.  

During the summers of 1998 and 1999, collaborative observations between FORTE and 

United States National Lightning Detection Network (NLDN) were conducted. NLDN is an arr

of VLF-LF sensors that covers lightning discharges (mostly cloud-to-ground discharges) 

throughout the continental United States [Cummins et al., 1998]. The NLDN data were specially 

postprocessed in a relaxed criterion mo
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provided information on the type of the discharge (e.g., IC, -CG, +CG), the geographic location, 

and the inferred peak current. During the two summer campaigns, 25721 coincidences were 

obtained between FORTE’s VHF (26-48 MHz) and NLDN’s VLF-LF observations.  The 

for establishing the coincidences, and for characterizing their reliability, was described by 

Jacobson et al., [2000]. 

Figure 3 maps all the FORTE/NLDN coincident events (green) over the continental US 

and the surrounding regions. The red dots indicate the ground strokes that were initiated with a 

very narrow VHF pulse, as will be further discussed later. A similar plot was presented by 

Jacobson and Shao [2002], in which different types of the discharges were color-coded. Among 

these, 10763 are –CGs, 5386 are +CGs, 2173 are ICs, and the remaining 7397 are 

uncharacterized-polarity 

method 

ground strokes (G). The last category is due to the distant strokes that 

occurre e 

 peak 

 different 

 of the 

 

 

d 625 km or farther from the boundary of the NLDN sensor array. At these distances, du

to the ground and ionospheric distortions of the VLF-LF waveform, NLDN was unable to 

confidently characterize the polarity of the ground strokes nor to evaluate the corresponding

current. The fractions for different types of discharges mentioned here should not be confused 

with their natural occurrence. The two monitoring systems are sensitive to two very

portions of the radio spectrum, with NLDN being designed primarily for detection of CGs and 

FORTE being designed for detection of VHF radiation that can be equally produced by CGs and 

ICs. The rate of coincidence for a specific event is affected by the different detection biases

two systems.  

For this study, NLDN provided the necessary information in terms of the discharge’s 

geographic location and the general type of discharge (i.e. whether CG and IC for a specific 

event).  Since the position of the FORTE satellite is known for each FORTE detected event, the

viewing angle from the satellite to the coincident discharge can be derived, as illustrated in Figure
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4. In addition, if the discharge type is labeled as a ground stroke by NLDN, in which case the 

channel is expected to be more or less vertical, the probing angle referenced to the channel 

orienta

quent 

he type and sequence of the strokes were based on the coincident NLDN 

bservations. For the normal strokes, some commonly observed VHF characteristics are shown. 

l stroke the radiation is enhanced at the beginning of the return stroke (~100 µs into 

ation becomes suddenly quiet after 

the lead

RTE 

ist of a 

 

ethod 

tion, θ, can be obtained. This provides the necessary foundation for the beam pattern 

examination.  

 

4. Analysis 

4.1. Pulse width examination 

Figure 5 shows examples for (a) a “normal” initial –CG stroke, (b) a “normal” subse

stroke,  (c) an initial stroke with a distinct narrow pulse, (d) and a subsequent stroke with a 

narrow pulse. T

o

For the initia

the record in Figure 5a), and for the subsequent stroke the radi

er reaches the ground. These properties have been reported from ground-based 

observations [e.g., Rhodes et al. 1994; Shao et al., 1995; Shao et al., 1999] and from the FO

satellite observations [e.g., Suszcynsky et al., 2000]. The other two strokes, however, cons

very distinctive, VHF intense and narrow pulse that is coincident with the beginning of the return

strokes. Preliminary results regarding this type of stroke were reported in our previous paper 

[Jacobson and shao, 2002]. 

In Jacobson and shao [2002], we demonstrated a careful but somewhat tedious m

for recovering the true width (“dechirping”) of FORTE recorded pulses.  In the frequency range 

26-48 MHz, a transionospheric signal will be chirped (i.e., dispersed) significantly by the 

dispersive ionosphere, such that an impulse on the ground could be stretched into a few 10s of µs 
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at the satellite, as shown in Figure 5 and in Figure 4a of Jacobson and shao [2002].  In the cur

study, a different, more autonon

rent 

omous “dechirping” method that utilizes a matched-filtering 

techniq

c en the 

line-of-sight and the Earth’s magnetic field; and ± represents the “ordinary” and “extraordinary” 
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All the 25721 coincident events were deconvolved with this matched filter to recover the 

“true” signature of the signals. To do this, we first chose an 8192-point (~164 µs) section from 

each FORTE record, with 1/4 of the points ahead of the trigger position and 3/4 of the points 

following the trigger position. The deconvolution upon this segment was first carried out in

frequency domain according to Equation 11, and the deconvolved data was then transformed 

back to the time domain. In the

All the 25721 coincident events were deconvolved with this matched filter to recover the 

“true” signature of the signals. To do this, we first chose an 8192-point (~164 µs) section from 

each FORTE record, with 1/4 of the points ahead of the trigger position and 3/4 of the points 

following the trigger position. The deconvolution upon this segment was first carried out in

frequency domain according to Equation 11, and the deconvolved data was then transformed 

back to the time domain. In the

ng the squares of the deconvolved data and the Hilbert transform of the deconvolved data. 

The peak power in this segment was picked out and any point that exceeds 1/e of the peak powe

or “high point”, is marked.  The time width between the first and the last occurrences of the hi

points were stored to represent the apparent width of the pulse, and the ratio of the peak power to

the effective pulse width is used to measure the quality of the pulse. Apparently, for a single, 

ng the squares of the deconvolved data and the Hilbert transform of the deconvolved data. 

The peak power in this segment was picked out and any point that exceeds 1/e of the peak powe

or “high point”, is marked.  The time width between the first and the last occurrences of the hi

points were stored to represent the apparent width of the pulse, and the ratio of the peak power to

the effective pulse width is used to measure the quality of the pulse. Apparently, for a single, 
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outstanding pulse in the segment, the ratio would be high, while for a sequence of erratic signals, 

the ratio would be low. This same process was repeated 80 times over the same data with slight 

change of TEC values. The initial, raw TEC value was obtained by an incoherent dechirping 

method, as described by Jacobson et al. [1999]. The deconvolution processes would try the TEC 

values from 80% to 120% of the initial value, at steps of 0.5%.  The highest pulse quality among 

the 80 trials was then selected, and the corresponding peak power and 1/e pulse width were 

recorded as the representative characteristics for the specific FORTE event.  Through this 

process, γcosfc was obtained with the International Geomagnetic Reference Field (IGRF) mode

[Langel, 1992] and was a fixed value for a specific event, and the ‘+’ was used to best match 

ordinary ionospheric mode.  

Figure 6 demonstrates the deconvolved pulse from the original FORTE pulse shown in 

Figure 5c. In Figure 6a, the output is shown in a familiar spectrogram format, while in Figur

the time waveform of the power is shown in a much finer, 10 µs interval around the peak.  

case, the e width is estimated to be 80 ns.  

Figure 7 shows the distribution of the estimated pulse width for all the 25721 events. The 

minimum pulse width that is 

l 

the 

e 6b, 

In this 

1/e puls

physically meaningful should not be less than 40 ns due to the 

FORTE nt 

 mostly (> 90%) associated with negative 

strokes

r the 

 sampling interval of 20 ns.  The maximum width is due to the length of the data segme

for the analysis, which was chosen to be ~164 µs.  Interestingly, a clear peak can be seen at the 

widths narrower than 100 ns.  These narrow pulses (total of 2092) were also found to be 

exclusively associated with ground strokes, and are

. The geolocations of the narrow-pulse strokes are shown in Figure 3 by the red dots. As 

previously reported by Jacobson and Shao [2002], these strokes are more likely to occur ove
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seawater than over the land, not only by the total numbers but also by the respective percentages

of such strokes over the overall events within each of the two areas.  

 

4.2. Peak E-field, number of events, as function of viewing angle  

As illustrated in Figure 4, FORTE viewed each discharge from a certain angle.  With 

thousands of such observations, FORTE effectively viewed the discharges from almost all the 

possible angles in the upper half space. Specifically, for return strokes

 

, if the channels can be 

assume  vertical, the ensemble of the FORTE observations would view the channels from all the 

rn.  It would be ideal if all 

the retu  

8 

 

e direct 

f 

 the 

d

different elevation angles, necessary for characterizing the beam patte

rn strokes were identical in terms of VHF radiation, as a “standard candle”, so that the

associated beam pattern could be measured directly. Unfortunately, this is not the case.  Figure 

shows the peak amplitudes of the FORTE detected radiation after the above-described 

deconvolution processing, as a function of the zenith angle θ (viewed from the discharge to the 

satellite, Figure 4). The green dots are for all the coincident events, and the red dots are for the 

coincident narrow-pulse strokes.  It is clear that at any zenith angle, the radiation amplitude can

vary over an order of magnitude or greater, for both the overall events and the narrow-pulse 

events.  The wide scattering of the radiation amplitude due to natural lightning makes th

beam pattern examination difficult, if not impossible. In addition, the general downward trend o

the peak amplitude along increasing zenith angle indicates some other (e.g., noise-riding 

threshold) effects that will also make the direct examination of the beam pattern difficult.  

As had been briefly mentioned in Jacobson and Shao [2002], the event distribution of

narrow-pulse strokes, as referring to the viewing angle, is different than that of the overall -CG 

events.  For the current study, we examined this issue a bit further.  We split the 90° zenith angle 
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range into 15 bins as indicated by the dashed lines in Figure 8, with the first bin covering 

and the last bin covering 86.1-88.8°, the bin sizes in between decreasing linearly.  The reas

0-10° 

on for 

this typ

 

es.  

fferent 

chanism 

by 

ide, and the eight subbands 

are eve laced in the corresponding 22 MHz radio band. A trigger is generated if 5 out of the 8 

bove the pre-commanded threshold, within a certain time interval 

(162 µs) to accommodate the ionospheric dispersion. The threshold is either set at an absolute 

e of bin selection is to partially accommodate the uneven event distribution (Figure 8) and 

yet to have a reasonable angular resolution. We accumulated the number of events within each 

bin and computed the corresponding area on the surface of the Earth associated with each bin. For

each bin, the event number was then divided by the surface area, giving the event density 

normalized to unit area. Figure 9 shows the density distributions for the overall parent events 

(solid line) and for the narrow-pulse events (dashed line), which were separately normalized to 

their own maximums. It is clear that the subset of the narrow-pulse strokes displays a 

significantly different distribution as compared to that of the overall events.  In the case of a 

single radiator and simultaneous all-sky observation, this type of density distribution is 

statistically equivalent to the detection probability of the same radiator at different zenith angl

Considering that the detection probability must be related monotonically to the radiation 

intensity, one would suspect that Figure 9 hints the important information regarding di

radiation beam patterns for the two different groups of discharges.  

 

4.3. FORTE trigger threshold 

To investigate the detection probability shown in Figure 9, the FORTE trigger me

needs to be described and examined.  FORTE detection of a VHF lightning signal is triggered 

a sophisticated 8-channel subband system. Each subband is 1-MHz w

nly p

subbands detect a signal that is a

 18



value or at a relative value over a low-pass-filtered noise level. The latter, “noise riding 

threshold” setup was used during almost all the lightning observations, and the relative level was 

typically set 14-20 dB (in power) above the background noise level at each subband.  

The background noise at each subband was first measured and averaged within a 2 ms 

interval about each second. The mean of 8 such precedent noise measurements was then 

registered and updated every second as the current noise level for the specific subband. The noi

level, as well as the actual threshold at each subband was recorded in FORTE’s State of 

(SOH) file in the form of E-field amplitude, but were only sampled every 8 seconds. It should be 

noticed that the clock for the SOH monitoring is not synchronized to the clock of the tr

se 

Health 

igger 

system  

, in the same 

format 

not 

on. 

in a 

e 

elf, the beam pattern will have to be examined by looking into the statistical 

. These features introduce some ambiguities and uncertainties between the SOH reported

threshold level and the actual level for a specific triggered event, at each subband.  

To retrieve an approximate trigger threshold for each lightning event, we extracted from 

the SOH file the threshold value that is nearest in time to the event.  In theory, the time of the 

extracted threshold could be as far as 4 seconds away from the time the event was triggered.  

Among the 8 subband thresholds, the mean of the lowest five was estimated, and we use this 

mean value to represent the possible threshold value for the specific FORTE recoded event.  

Figure 10 shows the possible thresholds for all the FORTE/NLDN coincident events

as Figure 8.  

It is clear that an accurate threshold level for each specific FORTE lightning event can 

be obtained, due to the asynchronous SOH sampling and the variable 5-out-8 “OR” combinati

The inferred threshold is rather an approximation of the actual level that may randomly occur 

certain range.  Fortunately, the one-to-one detailed threshold is not absolutely necessary for th

beam pattern analysis. As described above, due to the semi-random nature of the lightning 

radiation intensity its
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properties of the event density distribution, or the detection probability.  The threshold itself can 

be treated as another random parameter in the statistical process, as will be discussed further later.

Figure 10 shows that at any given zenith angle, the inferred threshold can vary in a large 

range.  This is primarily due to the possibility that each event at the same angle could be 

associated with a different storm that may occur in a different region at a different time und

different satellite pass, so that the associated noise levels (and the threshold) would be 

independent from each other.  As a function of the zenith angle, it is interesting to note that the 

inferred threshold values display a general downward trend. In an ideal, globally-uniform radio-

  

er a 

noise e

 effect 

cond).  

torm, so 

 

t 

nvironment, the satellite detected noise background should have been more or less the 

same no matter where the satellite was. The lightning producing storms should have little

on the noise level, since (1) the duty cycle of the lightning VHF radiation is very low and (2) on 

top of that the duty cycle of the noise sampling by FORTE is also very low (2 ms per se

The relative higher threshold/noise at smaller zenith angles must be caused by a noisier 

background over the continental US and the neighboring regions. As FORTE approaches the 

boundary of the NLDN coverage (the continental US and surrounding regions, Figure 3) from the 

outside, the zenith angle from the coincident discharge to the satellite decreases, and at the same 

time the satellite comes closer to the noisier environment, and therefore the threshold level will 

increase. The distance d between the satellite and the lightning is directly related to the zenith 

angle.  Nevertheless, the noise sources in general would not collocate with the detected s

that there is not a simple 1/d relation between the threshold level and the zenith angle. In some

cases the satellite may be nearer the noisier sources and the detected lightning may be at the outer 

boundary, so that the threshold-zenith relation would be reversed. Apparently, the latter cases of 

outward looking from the satellite failed to compete with the cases of inward looking. This is no

surprising, given that the observations span total of 12 months (April-September, 1998, May-
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October, 1999), during which the satellite passes would cover the overhead space almost 

uniformly.  With uniform space coverage, the visible area from the satellite to the potential 

coincident events is bigger than the NLDN coverage by an extra ~3000 km (the radius of the 

instantaneous FORTE field of view) outer boundary. Viewing from a bigger area to a smaller one

will increase the probability of looking inward. 

 

The red line in Figure 10 shows the best power-law fit to the threshold values. Transferrin

zenith angle to the discharge-satellite distance d, the red line follows a relation like (d/H)-0.42

where H is the height of the FORTE orbit, 800 km. This relation will be used later in the beam

pattern analysis.  
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two linear-polarization LPA antennas are mounted orthogonal to each other 

long the same boom that points to the satellite’s nadir direction. One antenna is always aligned 

ite. As discussed previously by Shao and Jacobson [2001], for 

each an

 

in the E-plane, where θ′ is the angle between the nadir and the line of sight projection in the E-

plane (Figure 4) in the satellite’s coordinates, and BW is the beamwidth between the first nulls.  

g the 

, 

 

.4. FORTE antenna pattern 

ing 

two linear-polarization LPA antennas are mounted orthogonal to each other 

long the same boom that points to the satellite’s nadir direction. One antenna is always aligned 

ite. As discussed previously by Shao and Jacobson [2001], for 

each an

 

in the E-plane, where θ′ is the angle between the nadir and the line of sight projection in the E-

plane (Figure 4) in the satellite’s coordinates, and BW is the beamwidth between the first nulls.  

44

Practically, all antennas have a certain directivity that will respond differently to signals 

incident from different directions.  To study the detection probability as a function of the view

angle, the directional response (beam pattern) of the FORTE antenna has to be examined.   

FORTE’s 

Practically, all antennas have a certain directivity that will respond differently to signals 

incident from different directions.  To study the detection probability as a function of the view

angle, the directional response (beam pattern) of the FORTE antenna has to be examined.   

FORTE’s 

aa

to the ram direction of the satellto the ram direction of the satell

tenna, the relative directivity can be approximated by 1 in the H-plane, and by tenna, the relative directivity can be approximated by 1 in the H-plane, and by 

)/2(
)/2sin(

BW
BW

θπ
θπ
′

′
(12))(g θ =′′
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The nadir angle θ′ viewing from the satellite can be easily transferred to the zenith angle θ. For 

the FORTE antenna, BW can be approximated with π.   

During the two summer cam stly triggered from the antenna that is 

rthogonal to the satellite’s ram nced to the antenna direction, a lightning signal 

 

antenna response, Figure 11 shows the distribution of the coincident events around the azimuth. 

Clearly, it was slightly easier for FORTE to trigger on the events that were at the broadside of the 

antenna (in front or behind the satellite) than at the endfire (in cross-track). Nevertheless, at any 

given nadir angle (or zenith angle from the lightning), there is a good mix of events from all the 

different azimuths, and an averaged antenna response circling the azimuth can be used to 

represent the antenna response at a certain nadir angle. The averaged response can be expressed 

as  

Probability of FORTE detection of a lightning event 

For FORTE to record a lightning event, the event’s radiation must exceed the trigger 

threshold level.  To study the probability of an event that meets this condition, the possible 

radiation amplitude the event may produce, or in other words, the amplitude distribution, needs to 

be examined.  This could be done by looking at the amplitude distribution along a given zenith 

angle in Figure 8.  At the same angle, the discharge-satellite distance is the same for all the 

onal to the satellite’s ram nced to the antenna direction, a lightning signal 
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Notice that here we implicitly transferred the antenna beam pattern from the satellite coordinates 

to the lightning coordinates, from nadir angle to zenith angle.  
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to the lightning coordinates, from nadir angle to zenith angle.  
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events, and the satellite detected radiation amplitudes reflect the real amplitudes after a common 

range c

he 

s 

n its 

m. The distance is important only if one needs to retrieve the radiation 

intensit

 bin, 

 

hly the 

orrection.  

To be more thorough on the amplitude distribution, we will “correct” Figure 8 with t

(d/H)-0.42threshold relation. The apparent downward trend in Figure 8 is primarily due to the 

similar trend of the trigger threshold. It should be noticed that the discharge-satellite distance ha

little effect on the downward trend since whether or not an event triggers FORTE depends o

intensity at the front of the FORTE antenna and the instantaneous trigger threshold but not on 

where it comes fro

y at the source location.  Figure 12a shows the “threshold-corrected” amplitudes after 

correcting each point with a (d/H)-0.42 factor, producing a distribution as though the trigger 

threshold were not dependent on the zenith angle.  Based on this new distribution, the amplitude 

distributions binned at different zenith angles can be directly compared, as shown in Figure 12b. 

The overall events were grouped into the same 15 bins as in Figure 8.  In Figure 12b, the 

distributions along the 15 bins were normalized by the total numbers of events within each

respectively, and are plotted in a linear-log format. The distributions peak at amplitudes near 

0.001 v/m. The drop at the left is due to the effect of the trigger threshold. The width of this

shoulder is due to the floating threshold level that itself can vary randomly in a certain range, as 

discussed before (Figure 10). At the right side beyond the threshold, the curves represent the 

unbiased distributions of the radiation amplitude. It is evident that all the curves have roug

same linear behavior (in the linear-log plot) at this side.  

Based on this analysis, we can infer an exponential amplitude distribution for the 

lightning produced VHF radiation, as follows 
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Here, N is the total number of the events, a is the falloff rate of the distribution, x  is the r

amplitude, and n is the number of events at x . mber of events at x . 

E adiation 

E  

Equation 14 would be valid if the radiation had an isotropic beam pattern, or if the

olarized discharges were probed from a fixed direction. For radiation that is not isotropic, and if 

 

where b(θ) represents the beam pattern. Equation 15 can be interpreted with the help of Figure 

13. In Figure 13a, three emitters are assumed to sit at the same location and to be vertical. They 

have identical radiation pattern but h ities, and the intensities follow a

xponential relation.  If one views the emitters along θ1 an exponential amplitude distribution like 
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the probing direction is not fixed, the distribution can be expressed as  the probing direction is not fixed, the distribution can be expressed as  
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that shown in Figure 13b would be obtained (but with only 3 points on the curve). Viewing from

another angle θ2 would yield another exponential curve on which the three corresponding points 

would shift leftward to smaller amplitudes.  The area integrals below the two curves will b

same, equal to the total number of emitters.  

Equation 15 can be used as when the observers are all at the same distance from the 

emitters and the observers are equipped with identical, isotropic VHF antennas. With the FORTE

observations, the discharge-satellite distance d(θ) will change, and the receiving antenna (linear 

LPA) has its own unique directivity g(θ). Un
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arguments as that for Equation 15, the effective amplitude distribution as viewed at the satellite 

can be written as  

/)(/)(),( θθθ HdxEHdxn −

 

where H is the altitude of  discharge-satellite distan nd 

 used as a reference distance.  

 trigger threshold XT(θ), which itself is a function of θ. The event 

density

 

Here, 
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isis
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 equati 1=N/)(N θ , i.e., all the events 

. 

l if the trigger threshold were a unique function of 

the zen , 

em for 

would be detected at this angle. If XT(θ) was zero across the entire zenith range, the detection 

probability across θ would be uniformly 1.   

We now consider further the effects of the trigger threshold on the detection probability

As indicated by Equation 17, it would be idea

is the total num nith angle θ. Based on the 

bove on, we see that if XT(θ) were zero, we would have 

ber of events above the threshold at the ze

a

ith angle. Due to the behavior of the trigger system and the nature of the observations (i.e.

lightning discharges from different storms, at different times, over different radio noise 

backgrounds, all contributing to the same zenith angle), the inferred threshold displays a range of 

uncertainty, as previously shown in Figure 10. Fortunately, this appears to be not a probl
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our study. At a given zenith angle, the variations of the threshold for different events closely 

resemble a random process. Around their mean value, there are likely equal numbers of points 

below and above. Putting this statistical feature into Equation 17, it is straightforward to find t

by using a mean threshold for the lower integration limit would exclude the events that were 

associated with the lower thresholds, but at the same time it would include extra events that were 

associated with the higher thresholds.  The likely result is that the two factors would compens

each other, and the randomly scattered threshold values would be unaffected, given that there are 

enough data samples in each angular bin. In the following studies, the best-fit relation (d/H)-0.42, 

the red line in Figure 10, will be used. 

So, in Equation 17, the lefthand side represents the event-density distribution, and th

hat 

ate 

 pattern b(θ) and other parameters. Among these, XT(θ) 

and g( a 

servation and model comparisons  

Having discussed all the relevant parameters and established the relation between the 

n, we are now ready to compare the observed 

distribu

hed 

ation 

e 

righthand side contains the source beam

θ) have just been discussed, H is known (800 km), d(θ) can be readily obtained through 

simple geometric transform, and a is constant depending on the amplitude distribution (Figure 

12b).  

 

4.6. Ob

beam pattern and the event-density distributio

tions (Figure 9) with the predictions of Equation 17. In Figure 14, the solid line is the 

observation for all the geolocated events, the same curve as that shown in Figure 9.  The das

line is the simulated result based on Equation 17. For the simulation an isotropic lightning 

radiation beam pattern, b(θ) = 1 is assumed. Both curves are normalized to their own maximums 

for comparison. It should be noted here that by examining the detection probability, inform
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regarding the absolute radiation amplitude is not needed; only the relative shapes of the beam 

patterns are necessary. In the simulation, we combine all the angular independent constants into a

single constant, that include (1) the constant term for the exponential amplitude distribution 

(Figure 12b), (2) the constant term for the power-law fit of the trigger thresholds, and (3) the 

 

2/1 term for the azimuthally averaged FORTE antenna beam pattern. The combined constan

was found to be 3.15.  

It is clear from Figure 14 that the two curves agree with each other very well, indicating

that the beam pattern fo

t 

 

r the overall ensemble of all geolocated events can be treated as an 

isotrop  

at 

 

diation amplitude distributions at different 

angular , 

es, the corresponding discharges can be assumed near vertical, 

due to 

e in any 

ic pattern. This is not surprising given that the vast majority of the events are unpolarized,

or randomly polarized/oriented. In a previous study [Shao and Jacobson, 2002] we found th

among the 2173 coincident IC events, about 300 were very well polarized. For these IC events, 

they would not likely to have the same preferred direction and therefore would not contribute to

the ensemble beam pattern in any favored direction.  

The isotropic beam pattern for the overall distribution can also be inferred from Figure 

12b, although not as straightforwardly, in which the ra

 bins closely agreed with each other. In the analysis related to Equation 15 and Figure 13

we can see that for an isotropic emitter (b(θ) = 1) the amplitude distributions should be the same 

at all the different zenith angles. 

As has been discussed before, for the narrow, linearly polarized pulses that are associated 

with the beginning of return strok

the adjacent ground plane. In cases that the discharges are not exactly vertical, the 

effective beam pattern would derivate from the solid lines shown in Figure 2. To examine this 

effect, we assumed the discharges have an average orientation of vertical, but could still b
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directions in the upper half space.  The possible directions are assumed to follow a Gaussian 

distribution with a certain standard derivation.  Figure 2 compares the beam patterns with 

derivation from vertical (dashed curves) to that from the pure vertical orientation (solid curve

for the three different models, respectively. The standard derivation from the vertical direc

was chosen as 12°. It can be seen that for the dipole pattern, there is not much change.  For the 

traveling current models in the free space and on the ground, the overhead nulls are somewhat 

filled up. Other than this, there is no significant change in the rest of the beam patterns.  

Figure 15 compares the observed event density distribution (solid curve) with the 

simulations based on the (1) dipole model (dot-dashed curve), (2) free space traveling cu

s), 

tion 

rrent 

model ely. 

hat 

f 

ment at 

re 

ifferent traveling speeds for the models (see Equations 7, 9 and 10). We found 

(dashed curve), and (3) on-ground traveling current model (dotted curve), respectiv

The simulation processes are the same as that for the isotropic model described above, except t

b(θ) in Equation 17 is replaced respectively with the three different beam models.  The speed o

the current wave is assumed 0.75c for the two traveling current models. Clearly, a dipole 

radiation model for the narrow pulses could never provide an event density distribution near to 

what observed.  For the on-ground traveling current model, there appear to be some agree

zenith angles less than 40° but not at greater zenith angles.  It is obvious that the free space 

traveling current model gives the best agreement between the observed and the simulated event-

density distributions. The agreement is increasingly better at greater zenith angles, where mo

observation data points reside (Figures 8, 12a); this makes the agreement between the two even 

more significant.  

We note that to obtain the best fit between the observation and the traveling current 

models, we tried d
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that 0.7  

d event-density distributions are much the same respectively as that presented in the 

figure, 

is statistically valid, and is not to say that each individual 

event a can 

-

 

h 

t 
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t 

5c gives the best results. For the dipole model, the beam pattern is independent of the

speed.  

Without overcrowding Figure 15, we point out that with the pure vertical models, the 

simulate

independent of the

speed.  
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simulate

except some slight differences in the zenith angles 0-15°. This is not unexpected by 

looking the comparisons in Figure 2.  

From Figure 14, we can conclude that the overall parent events as a group show an 

isotropic radiation beam pattern.  This 

except some slight differences in the zenith angles 0-15°. This is not unexpected by 
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From Figure 14, we can conclude that the overall parent events as a group show an 

isotropic radiation beam pattern.  This 

mong them is an isotropic emitter. For the return stroke-initiating narrow pulses, we 

infer that they display a beam pattern that agrees with that of a free space, v = 0.75c traveling 

current pulse (Figure 15).  These conclusions are drawn indirectly from the analysis of the event

density distributions. If the overall parent events are indeed isotropic, the explicit beam pattern

for the narrow pulses can be obtained by comparing its event-density distribution to that of the 

overall events. To do this we first normalize each of the two distribution curves (Figure 9) with 

the areas under the curves, respectively, such that each is normalized to a total of one event. Suc

normalized distributions are equivalent to the detection probabilities, as a function of viewing 

angle.  Equation 17 expresses the possible relations between the normalized distribution, the 

beam pattern, and the other observational parameters. Based on Equation 17 and the fact of tha

the observational parameters are common to the two distributions, we have, by assuming 

1)( =

mong them is an isotropic emitter. For the return stroke-initiating narrow pulses, we 

infer that they display a beam pattern that agrees with that of a free space, v = 0.75c traveling 

current pulse (Figure 15).  These conclusions are drawn indirectly from the analysis of the event

density distributions. If the overall parent events are indeed isotropic, the explicit beam pattern

for the narrow pulses can be obtained by comparing its event-density distribution to that of the 

overall events. To do this we first normalize each of the two distribution curves (Figure 9) with 

the areas under the curves, respectively, such that each is normalized to a total of one event. Suc

normalized distributions are equivalent to the detection probabilities, as a function of viewing 

angle.  Equation 17 expresses the possible relations between the normalized distribution, the 

beam pattern, and the other observational parameters. Based on Equation 17 and the fact of tha

the observational parameters are common to the two distributions, we have, by assuming 

1)( =θallb , 
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Figure 16 shows the resultant beam pattern for the narrow pulses as being referenced to 

the overall events.  In the figure, we presented the beam pattern in a polar format with the zenith

pointing upward and the horizon pointing to the right, the same as Figure 2 but with only one 

quadrant.  The inferred pattern is shown in two different scales (the two solid curves) to compare 

with the three different theoretic models (Figure 2).  The dot-dashed curve is for the dipole 

model, the dotted curve is for the on-ground traveling current model, and the dashed curve i

the free space traveling current model.  Again, it is clear that the inferred beam pattern for the 

narrow pulse agrees very well with the free space traveling current model, but not with the othe

two models. The speed of the current wave was assumed 0.75c.  

 

 

s for 

r 

. Discussion 

e theoretical analysis of this paper, it is clear that the F factor for the radiation 

field is

, but 

 

n 

 

le VHF radiation beam patterns for the 

FORTE

ue to the 

random nature of the radiation intensity associated with the lightning discharges and the “single-

5

From th

 an explicit correction over the dipole pattern, as long as a moving current pulse is 

considered.  Apparently, the F factor only applies to the radiation portion of the total field

not to the static and induction fields.  Due to the means of the derivation of Equation 7, it can be

seen that the F factor is rather fundamental for a moving current element.  Krider’s [1992] 

interpretation of the F factor derived by Le Vine and Willett [1992] is correct for the radiatio

term of the total field. Nevertheless, one could start from Equation 7 to obtain specific analytic

results for different traveling current models, and the final formula may or may not have an 

explicit F factor, due to the models themselves.  

In this paper, we have analyzed the possib

/NLDN coincident events. As discussed before, NLDN provided the necessary 

information on lightning types and geolocations for the FORTE-detected VHF events. D
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shot” type of FORTE observation for each individual event, there was not a “standard candle” for 

the reference of the radiation amplitude and there was not a simultaneous all-sky observation. 

Therefore, the possible beam patterns could not be derived from a simple amplitude-versus-angle 

analysis. Instead, we investigated the beam patterns from the statistical analysis of the event-

density distribution, as a function of the viewing angle between the discharges and the satellite. 

Since FORTE has a complex trigger system, there was not a simple one-to-one relation betwe

the recorded event and the corresponding trigger threshold. To study the beam pattern, we 

examined the effects of the variable trigger threshold on the detection of the events. We also took

into account the non-isotropic directional response of the FORTE antenna that was used to 

receive the signals. Based on the observed events themselves, we derived a possible exponential 

amplitude distribution for the lightning produced VHF signals. Finally, an analytic relation 

between the FORTE-detected event density and the possible radiation beam pattern was 

established (Equation 17).  

We treated the overall parent events as one group (25721), and extracted the very

pulses (<100 ns) that are ass

en 

 

 narrow 

ociated with the initiation of return strokes and are linearly polarized, 

as anot

ing 

r average return stroke speed along ~1 km channels above the 

ground.  When the observations were taken nearer to the ground, the speed appears to be higher. 

her group (2092).  It was found that the ensemble of the overall events shows a near 

isotropic radiation pattern (Figure 14), and the ensemble of the narrow pulses shows a pattern that 

agrees with a free space traveling current model at the speed of 0.75c (Figure 15).  Further 

analysis, comparing the event density distributions between the two groups, shows an explicit 

beam pattern for the narrow pulses, which again agrees well with the 0.75c free space travel

current model (Figure 16).  

The inferred speed in this paper appears to be higher than the earlier results (0.3-0.7c, 

Idone and Orville [1982]) fo
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For instance, Wang et al. [1999] reported speeds of 0.67c and ~1c for the first 40 m of two 

triggered-lightning return strokes.  

With the pulse width τ and the propagating speed v, we can roughly estimate the physical 

size of the moving current pulse. If the concept of the transmission line model is used, the le

of the current pulse will be 

ngth 

τv~ . Since the pulses are narrower than 100 ns, the physical size of 

the cor

ientations of the corresponding discharges 

were as  

 flat and 

al, 

 of 

d 

e, and in general will not add to the original pulse either in time or in phase. For 

instanc

r 

responding sources will be less than 22 m.  

It is not surprising to find the overall events as a group display an isotropic pattern, since 

the vast majority of the events were unpolarized and are not expected to align along any 

preferable directions.  For the narrow pulses, the or

sumed to be nearly vertical, due to the fact that they were associated with the beginning of

return strokes, and due to the additional fact of that a large portion of them occurred over

uniform seawater (Figure 3). It was pointed out that with a small derivation from the true vertic

the statistical patterns do not change significantly except in the near-zenith direction for the 

traveling current models (Figure 2).  It was interesting to find that the inferred pattern agrees very 

well with a free-space model but not nearly as well with the on-ground model (Figures 15, 16). 

This suggests that the source of the narrow VHF radiation was somewhere above the surface

the ground.  

As have been discussed before for Equation 10, for a narrow VHF pulse above the groun

and an overhead observer, the ground serves as a reflector. The ground-reflected pulse will be 

delayed in tim

e, if the source of the radiation pulse is 20 m above ground, to an overhead observer, the 

reflected pulse will arrive 133 ns later, which is entirely separate from the original pulse if its 

width is 100 ns or less. Figure 17 shows the time delays between the original and the reflected 

pulses as a function of the zenith angle, for three different source heights (10, 20, and 30 m).  Fo
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Equation 10 to work, i.e., to use the ground as a time-independent imager, the height of the 

source needs to be less than 4/λ to assure the in-phase addition from the reflection to the origin

at all the observing angles. At the observing frequencies (26-48 MHz), the wavelengths are in the 

range 6-11 m, so that the source would have to be within a very few meters above the groun

(<10 ns time delay between the original and the reflected pulses), if not right on the ground.  On 

the other hand, for the reflected pulse not to affect the original pulse (to agree with the free-space 

model), the source needs to be high enough so that the time delay between them would exceed

the half-width of the pulse. As shown in Figure 17, for pulse width < 100 ns, a 20-30 m height 

appears to satisfy the requirement at most of the zenith angles.  

One may argue that in the case the source is high enough, the reflected pulse should be 

separately detected, against the single-pulse phenomenon presented in this paper.  This would b

the case if the radiation were not highly upward directed, or the 

al 

d 

 

e 

source were much higher than 

20-30 m

e 

h 

clearly 

 

. For an upward traveling current pulse, the reflected radiation power could be a very 

small fraction of the original power, especially at small zenith angles, as shown in Figure 18 for a 

traveling speed of 0.75c.   It shows that from 0° to 70°, the reflected power is less than 1/e of th

original power; and the reflected power decreases continuously as the zenith angle decreases. 

This makes the reflected pulse less visible at most of the viewing angles.  Only near to the 

horizon, the reflected power approaches the level of the original power, but at the same time the 

temporal separation between the pair decreases (Figure 17), such that it is difficult to distinguis

the two pulses sequentially.  Therefore, in either case the reflected pulse is less likely to be 

detected.  To see the reflected pulse, the source would have had to be much higher than 20-30 m,

i.e., a few 100s of meters; and due to the radiation beam pattern, it could only be seen at zenith 

angles greater than ~70°.  It should be pointed out that to temporally distinguish the two pulses, 
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the time delay between them needs to be > 60 ns (3 data points in the 20 ns per point record), 

which is five times greater than the 10 ns coherence time between the two pulses. Therefore, in 

the situations (near the horizon) that the two pulses are not temporally distinguishable, they do

not necessarily add up in phase to valid Equation 10.   

Based on the above discussions, the source height of the narrow pulses is likely to be a 

few 10s of meters above the surface of the Earth. It is u

 

nlikely the sources would be much higher, 

since (1

 the 

man 

 

re 

int 

) these pulses are observed at the very beginning of the return strokes and (2) no 

distinguishable reflection has been observed.  Indeed, these pulses appear to be closely associated 

with the attachment process of the return strokes. As a stepped leader approaches close to

ground, upward-connecting streamers are emitted from the ground. One of the upward-

propagating streamers will connect to the tip of the downward leader, and will start the return 

stroke process. This junction process is called the attachment process. As reviewed by U

[1987], the junction point has been reported to be 10-50 m above the ground by many different

researchers. However, the review was limited to initial strokes. Recently, Wang et al. [1999] 

reported direct observations of the attachment process in two triggered-lightning strokes that we

started by dart leaders, similar to the subsequent strokes in nature –CGs. They found that the 

junction points were several to eleven meters above the tip of a grounded metallic rod, which 

itself was 4 m tall. Based on lower time resolution streak-camera observations, Idone [1990] 

inferred that the height of the dart-leader/return-stroke junction point in the range 12-27 m. 

Apparently, the height we inferred in this study agrees well with the heights of the junction po

reported by other researchers.  

 

6. Concluding Remarks  

 34



Starting from a moving current element and through a simple differential transform 

betwee  can 

LDN coincident events by examining the event density 

distribu iation 

w 
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Figure Captions 

Figure 1. Geometry of the traveling current element and the observer.  

 

Figure 2. Theoretic beam patterns of radiation E-field for (1) free space dipole ( sin )θ , (2) free 

space traveling current ( ]/cos1/[sin cv θθ −

2

), and (3) on-ground traveling current 

( ] ). Solid curves are for purely vertical channels; dashed curves are for 

channels that are expected to be vertical but may statistically deviate from the vertical by a 

certain extent (σ(θ) =12°).  The speed v for the traveling current is assumed 0.75c. 

)/cos(1/[sin2 cv θθ −

 

Figure 3. Geographic locations of FORTE/NLDN coincident events. Green dots for the overall 

events; red dots for the very narrow, return stroke-initiating events.  

 

Figure 4. Geometry of the terrestrial lightning and the FORTE satellite.  

 

Figure 5. FORTE VHF observations of (a) a “normal” initial stroke, (b) a “normal” subsequent 

stroke, (c) an initial stroke started with a narrow pulse, and (d) a subsequent stroke started with a 

narrow pulse.  

 

Figure 6. (a) Pulse in Figure 5c after matched filtering deconvolution process. (b) Fine time 

waveforms of the radiation power around the pulse.  

 

Figure 7. Pulse width (1/e of peak power) distribution for all the coincident events. Pulses that are 

narrower than 100 ns are considered as narrow pulses in this study.  
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Figure 8. Peak radiation amplitudes (E) for all the coincident events (green) and the narrow 

pulses (red), as functions of the zenith angle (Figure 4).  

 

Figure 9. Distributions of area-normalized number of events (event density), at the angular bins 

shown in Figure 8.  Solid curve is for the overall events and dashed curve is for the narrow 

pulses. Each curve is normalized to its maximum for comparison.  

 

Figure 10. Apparent FORTE trigger threshold for all the coincident events. Red line indicates the 

best power-law fit to the scattered points, 1 .  42.04 )/(1031. −−× Hd

 

Figure 11. Event distribution around the azimuth as being viewed from the satellite. Slightly more 

events were triggered in the ram direction than in the cross-track direction due to the antenna 

directivity.  

 

Figure 12. (a) “Threshold-corrected” peak E-fields for all the events. (b) E-field amplitude 

distributions at the 15 angular bins.  

 

Figure 13. Relations between (a) the radiation beam pattern and (b) the angularly-dependent 

amplitude distributions. 

 

Figure 14. Comparing the event density distributions between the overall events (solid) and the 

model simulation (dashed, Equation 17). An isotropic model b(θ) = 1 is used for the simulation.  
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Figure 15. Comparing the event density distributions between the narrow pulses (solid) and the 

model simulations of a dipole (dot-dashed), an on-ground traveling current (dotted), and a free 

space traveling current (dashed). A statistical direction deviation of σ(θ) = 12° from vertical 

( 0=θ ) is used for the simulations. The speed v is assumed 0.75c for the two latter models  

 

Figure 16. Direct beam pattern comparisons between that of the narrow pulses and the three 

different models. The former is inferred by comparing the event density distributions between the 

narrow pulses and the overall events, according to Equation 18. The models are the same as that 

presented in Figure 2.  

 

Figure 17. Time delay between the original and the reflected pulse at the satellite. For source 30 

m above ground, the delay is greater than 50 ns at most of the zenith angles.  

 

Figure 18. Power ratio of the reflection to the original, for v = 0.75c free space traveling current 

radiation. At zenith angles less than 70°, the ratio is smaller than 0.5. Only near the horizon, 

powers between the two are comparable.  
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Figure 1. Geometry of the traveling current element and the observer.  

 

Figure 2. Theoretic beam patterns of radiation E-field for (1) free space dipole ( )sinθ , (2) free 
space traveling current ( ]/cos1/[sin cv θθ −

2

), and (3) on-ground traveling current 
( ] ). Solid curves are for purely vertical channels; dashed curves are for 
channels that are expected to be vertical but may statistically deviate from the vertical by a 
certain extent (σ(θ) =12°).  The speed v for the traveling current is assumed 0.75c. 
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Figure 3. Geographic locations of FORTE/NLDN coincident events. Green dots for the overall 
events; red dots for the very narrow, return stroke-initiating events.  
 

 

 
Figure 4. Geometry of the terrestrial lightning and the FORTE satellite.  
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Figure 5. FORTE VHF observations of (a) a “normal” initial stroke, (b) a “normal” subsequent 
stroke, (c) an initial stroke started with a narrow pulse, and (d) a subsequent stroke started with a 
narrow pulse.  
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Figure 6. (a) Pulse in Figure 5c after the matched filtering deconvolution process. (b) Fine time 
waveforms of the radiation power around the pulse.  
 
 
 

Figure 7. Pulse width (1/e of peak power) distribution for all the coincident events. Pulses that 
are less than 100 ns wide are considered as narrow pulses in this study.  
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Figure 8. Peak radiation amplitudes (E) for all the parent events (green) and the narrow pulses 
(red), as functions of the zenith angle (Figure 4).  
 

 

Figure 9. Distributions of earth area-normalized number of events (event density) at the angular 
bins shown in Figure 8.  Solid curve is for the overall events and dashed curve is for the narrow 
pulses. Each curve is normalized to its maximum for the comparison.  
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Figure 10. Apparent FORTE trigger thresholds for all the coincident events. Red line indicates 
the best power-law fit to the scattered points, 1 .  42.04 )/(1031. −−× Hd
 

 

Figure 11. Event distribution around the azimuth angle as being viewed from the satellite. 
Slightly more events were triggered in the ram direction than in the cross-track direction due to 
the antenna directivity.  
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Figure 12. (a) “Threshold-corrected” peak E-fields for all the events. (b) E-field amplitude 
distributions at the 15 individual angular bins.  

 

Figure 13. Relations between (a) the radiation beam pattern and (b) the angular-dependent 
amplitude distributions. 
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Figure 14. Comparing the event density distributions between the observed overall events (solid) 
and the model simulation (dashed, Equation 17). An isotropic model b(θ) = 1 is used for the 
simulation.  

 

Figure 15. Comparing the event density distributions between the observed narrow pulses (solid) 
and the model simulations of a dipole (dot-dashed), an on-ground traveling current (dotted), and a 
free space traveling current (dashed). A statistic direction deviation of σ(θ) = 12° from vertical 
( 0=θ ) is used for the simulations. The speed v is assumed 0.75c for the two latter models.  
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Figure 16. Direct beam pattern comparisons between that of the narrow pulses and the three 
different models. The former is inferred by comparing the event density distributions between the 
narrow pulses and the overall events, according to Equation 18. The models are the same as that 
presented in Figure 2.  
 

 
Figure 17. Time delays between the original and the reflected pulses at the satellite. For source 
30 m above ground, the delay is greater than 50 ns at most of the zenith angles.  
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Figure 18. Power ratio of the reflected to the original pulse for v = 0.75c free space traveling 
current radiation. At zenith angles less than 75°, the ratio is increasingly smaller than 0.5. Only 
near the horizon, powers from the two pulses are compatible.  
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